Highly aberrated keratoconic (KC) eyes do not elicit the expected visual advantage from customized optical corrections. This is attributed to the neural insensitivity arising from chronic visual experience with poor retinal image quality, dominated by low spatial frequencies. The goal of this study was to investigate if targeted perceptual learning with adaptive optics (AO) can stimulate neural plasticity in these highly aberrated eyes. The worse eye of 2 KC subjects was trained in a contrast threshold test under AO correction. Prior to training, tumbling 'E' visual acuity and contrast sensitivity at 4, 8, 12, 16, 20, 24 and 28 c/deg were measured in both the trained and untrained eyes of each subject with their routine prescription and with AO correction for a 6 mm pupil. The high spatial frequency requiring 50% contrast for detection with AO correction was picked as the training frequency. Subjects were required to train on a contrast detection test with AO correction for 1 h for 5 consecutive days. During each training session, threshold contrast measurement at the training frequency with AO was conducted. Pre-training measures were repeated after the 5 training sessions in both eyes (i.e., post-training). After training, contrast sensitivity under AO correction improved on average across spatial frequency by a factor of 1.91 (range: 1.77-2.04) and 1.75 (1.22-2.34) for the two subjects. This improvement in contrast sensitivity transferred to visual acuity with the two subjects improving by 1.5 and 1.3 lines respectively with AO following training. One of the two subjects denoted an interocular transfer of training and an improvement in performance with their routine prescription post-training. This training-induced visual benefit demonstrates the potential of AO as a tool for neural rehabilitation in patients with abnormal corneas. Moreover, it reveals a sufficient degree of neural plasticity in normally developed adults who have a long history of abnormal visual experience due to optical imperfections.
Introduction
Visual experience continually alters structural and functional properties of the visual system to optimize perception. Changes on a structural and cellular level in the visual system following abnormal visual experience were first documented by Hubel and Wiesel in their seminal work (Hubel & Wiesel, 1959 , 1962 , 1963a , 1963b , 1965 , 1970 . Functional changes were studied psychophysically and characteristic changes in the properties of the visual system were noticed after prolonged observation of either contrast, orientation, spatial frequency (Blakemore & Campbell, 1969) and size (Blakemore & Sutton, 1969) of retinal images. For instance, Blakemore and Campbell (1969) demonstrated a marked reduction in contrast sensitivity following the exposure to a single spatial frequency (SF) of high contrast. Progressing from visual exposure to the single spatial frequency and contrast, Webster and Miyahara (1997) showed a rapid alteration in the contrast and spatial frequency response of the visual system after exposure to natural images. Another interesting example of plasticity is from Yamauchi and et al. (2000) who synthetically altered a person's chromatic environment for an extended period of time. They noticed that the visual system shifted its response significantly in the hue direction required to compensate for the chromatically altered environment. Such plastic mechanisms are continuously in action in normal vision and are critical in maintaining optimal and minimally varying perception, despite the variations in luminance, color, spatial scales and blur of the visual environment.
Normal visual input during a critical period of neural development in early postnatal life lays the foundation of an efficient plastic mechanism in the visual system (Huttenlocher, 2002) . Amblyopia is an example of anomalous neural plasticity that occurs due to abnormal visual stimulation during the critical period of development. Amblyopes typically demonstrate reduced visual performance on account of the deficits in their neural processing. investigated the limit to plasticity in amblyopic adults by testing whether perceptual training can improve this abnormal neural processing. They were able to invoke substantial plasticity with training, resulting in a 46% average improvement in Vernier acuity. Another interesting aspect of their finding was that the adult visual system retained a certain degree of neural plasticity, which was otherwise thought to be absent after post-natal life.
Optical factors represent a major factor altering neural processing in normally developed adults. Abnormal visual input due to optical limitations can be considered as those arising from refractive error like myopia or astigmatism, higher order aberrations from eyes with abnormal cornea or scatter, chromatic aberration and decrease in retinal illuminance in aging eyes. The implicit role of neural plasticity can be invoked to partly explain the gradual improvement in vision with time following refractive (Kohnen, Bühren, Kühne, & Mirshahi, 2004; Pesudovs, 2005) and cataract surgery (Delahunt, Webster, Ma, & Werner, 2005; Montés-Micó & Alió, 2003) . Similarly, clinicians also often use a multiple step procedure to achieve full correction of astigmatism, allowing the neural plasticity to adjust for perceived spatial distortions due to the correction (Sawides et al., 2010; Vinas, Sawides, de Gracia, & Marcos, 2012) . Presbyopia is a unique example of an optical anomaly that has been shown to benefit from a perceptual learning paradigm or ''repeated practice on a demanding visual task", defined by Polat and et al. (2012) . For the rest of this article, we will adopt the same definition-''repeated practice on a visual task"-to refer to perceptual learning. The benefit gained in presbyopia from such a paradigm demonstrates the ability of the visual system to enhance its ability to detect and discriminate blur in images, even in adults and without a change in the optics of the eye.
Highly aberrated keratoconus (KC) poses an analogous visual deficit as amblyopia and presbyopia, although with some key differences. This disorder is characterized by an abnormal thinning and steepening of the cornea, the optical consequence of which is a large magnitude and asymmetry in optical aberrations. This leads to severe visual disturbances, especially at middle and high SFs persisting over a long period of time before an intervention with either a corneal transplant or specialty ophthalmic lenses (Michael, Guevara, de la Paz, Alvarez de Toledo, & Barraquer, 2011) . In the case of either intervention, the visual quality is usually sub-normal (Brahma, Ennis, Harper, Ridgway, & Tullo, 2000) . More importantly, these subjects experience neural insensitivity arising from chronic visual experience to these optical anomalies (Sabesan & Yoon, 2009; Sabesan et al., 2013) . They fail to elicit the maximum advantage from a customized correction with ophthalmic lenses, at least immediately after the correction, despite the normal optical quality conferred by the lenses . Moreover, even under complete aberration correction using adaptive optics (AO), their visual resolution remained inferior to the limits imposed by the neural system (Sabesan & Yoon, 2009 ).
In these highly aberrated KC eyes, habitual and severe optical blur possibly leads to lasting and robust changes in neural visual processing. For instance, they are characterized by a neural compensatory mechanism which partially compensates for the severe optical blur and improves acuity (Sabesan & Yoon, 2010) . From previous reports, it has been encouraging that modest neural plasticity can lead to significant improvement in visual performance even in cases of abnormal development such as congenital cataract (Fine, Smallman, Doyle, & MacLeod, 2002) and amblyopia following cataract removal and perceptual learning, respectively. It is important to differentiate the ''passive" visual improvement in congenital cataract, which resulted from routine viewing with an improved retinal image input, from the benefits seen from an 'active' perceptual learning in amblyopia. In the latter, subjects undertook repeated training in a specific psychophysical task which resulted in visual improvement, while their routine visual diet remained unchanged. KC initializes mostly in puberty in normally developed adults and therefore is less likely to be affected by limitations in visual processing due to abnormal development. Therefore, it is plausible that 'passive' routine exposure to neardiffraction limited ocular optics achieved either via habitual wavefront-guided correction (Sabesan et al., 2007 Marsack, Parker, & Applegate, 2008; Marsack et al., 2014) or via AO might help restore visual processing in KC to a normal level when achieved and maintained over extended periods of time. Similarly perceptual learning in a psychophysical task can also elicit a visual improvements and efficiently target specific visual functions using the appropriate task. Thus, a hybrid active-passive approach combining routine viewing under optical correction methods along with perceptual learning might help re-instate the neural processing in KC subjects. The time-scale of such re-adaptation might be longer in the KC eyes that are affected by relatively larger native higher-order aberrations. The optical performance of the correction is a key factor that may regulate this improvement. Clinically, whether the visual performance improves with customized ophthalmic lenses over time and the timecourse therein remains unknown. If the visual system retains its normal plasticity, one can expect to see such an improvement upon a clinical intervention that improves optical quality. Nevertheless, while ''passive" routine exposure to improved optical quality is likely to play a role in the rehabilitation of KC patients, whether ''active" perceptual learning can trigger such plasticity and restore visual functions in KC subjects is unknown. Here, we directly address this question by evaluating the impact of a perceptual learning paradigm in KC subjects and by following the time-course of changes in visual performance. Importantly, this paradigm was undertaken upon conferring neardiffraction limited optical quality with AO on KC eyes, thus stimulating the visual pathways which otherwise may lie dormant under habitual viewing. The present study therefore addresses the underlying fundamental question of whether such neural plasticity is retained in adult visual systems altered by optical factors and can be triggered by perceptual learning paradigms.
Methods

Subjects
Two KC subjects (40 and 48 yo) were enrolled in this study. Keratometric readings from corneal topography maps were used to classify them as moderate and advanced respectively (Zadnik, Barr, Gordon, & Edrington, 1996) . The University of Rochester Research Review Board approved this research, and each subject signed an informed consent form before participation in this study. All procedures involving human subjects were conducted in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Setup
Paralysis of accommodation and dilation of the pupil in all subjects were achieved with 1% tropicamide ophthalmic solution. A large-stroke adaptive optics vision simulator was employed in this study and has described in detail elsewhere (Sabesan & Yoon, 2009 , 2010 Zheleznyak, Barbot, Ghosh, & Yoon, 2016) . Briefly, it consisted of a large-stroke deformable mirror (Alpao DM97-15, Montbonnot, France) and a custom-made, in-house Shack-Hartmann wavefront sensor. The wave aberrations were calculated from the Shack-Hartmann spot array pattern by decomposing into 10th-order Zernike polynomials. The Zernike coefficients were expressed according to the ANSI Z80.28-2004 standard. Visual performance was measured using gamma corrected external displaysa DLP projector for high contrast visual acuity and a CRT monitor for contrast sensitivity.
Procedure
For visual acuity (VA), we used the tumbling 'E' test which used a four-alternate forced-choice method where the illiterate letter 'E' was presented at fixation for 250 ms to the observer in one of four orientations, 0, 90, 180 or 270 deg. The observer's task was to respond to the orientation of the letter by pressing the appropriate keystroke. A psychometric function based on 30 trials was derived by using the QUEST paradigm (Watson & Pelli, 1983) . VA thresholds were determined as the line thickness of the letter (in log-MAR) for which at least 62.5% of the observer's responses were correct. Contrast sensitivity was measured similarly, using the QUEST paradigm (Watson & Pelli, 1983 ) and a two-alternate forced-choice method. Observers were asked to report the orientation of a 2-D Gabor patch (2 deg in diameter) tilted either vertically or horizontally and presented at fixation for 250 ms. Contrast thresholds corresponded to the contrast for which observers reached 75% correct performance level. Contrast thresholds were measured at 4, 8, 12, 16, 20, 24 and 28 c/deg. Subjects viewed the visual stimulus through an artificial adjustable pupil placed conjugate to the eye's pupil, which was always set to 6 mm. The artificial pupil was aligned to be conjugate with the eye's pupil and this conjugation was checked continuously during the course of the experiment using a real-time pupil camera. The fellow eye was patched during both the testing and training sessions.
The study design for perceptual learning was as follows. Prior to learning, tumbling VA and contrast sensitivity at 4, 8, 12, 16, 20, 24 and 28 c/deg were measured in both eyes of subjects with their routine prescription and with AO correction for a 6 mm pupil. The eye with the worse contrast sensitivity with AO was chosen to undergo training. The SF requiring 50% contrast for detection with AO correction was picked as the training SF. This paradigm is similar to previous studies undertaking training at one high SF near the pre-training cut-off SF (Zhou et al., 2006) . Subjects were required to train on the same contrast detection task at the picked training frequency for 1 h each for 5 consecutive days. During each training session, 800-1000 trials (divided in 10 blocks) with AO were conducted. Note that to avoid spurious learning effects induced from increasing familiarity with the optical instrument with time, subjects undertook 1000 trials of contrast detection in identical conditions prior to formally starting the perceptual learning paradigm. The same pre-training measurements were repeated after the 5 training sessions. Fig. 1 shows the time-course of improvement in contrast sensitivity at the trained SF -20 and 24 c/deg for the advanced and moderate KC respectively. The best fit line is shown for both subjects. A steady improvement in performance was observed at the trained SF for both KC subjects, the slope of which is higher for the advanced KC (p = 0.02). Fig. 2 shows the performance pre-and post-visual training for both KC subjects and its dependence on SF. Interestingly, we found that the benefit extended to SFs beyond the trained SF. On average, contrast sensitivity across SFs significantly improved by 1.91 ± 0.26 (p < 0.05) and by 1.75 ± 0.44 (p < 0.01) for KC subjects 1 and 2 respectively. In both subjects, maximum improvement was observed near the trained SF (S1, range: 1.6-2.2X and S2, range: 1.2-2.3X improvement). However, despite this improvement, KC subjects' post-training contrast sensitivity was still poorer relative to the average normal contrast sensitivity of the 4 normal subjects under AO correction (p < 0.02). Fig. 3 shows the transfer characteristics of the noted improvement to an untrained VA task, as well as to the untrained, fellow eye. In both subjects, the improvement from training transferred to high contrast VA resulting in 1.5 and 1.3 lines of improvement (1 line = 0.1 logMAR) for KC subjects 1 and 2 respectively. Overall, training on a high-SF detection task resulted in improved processing of high SF, which benefited both contrast threshold sensitivity across different SFs as well as high-contrast VA. Moreover, interocular transfer of training was found in KC subject 1. On average, in his fellow eye, contrast sensitivity improved by 1.58 ± 0.27 across SFs (p < 0.03), and exhibited 0.9 line improvement in VA. Note that the optical quality and vision of this KC subject was similarly poor in both eyes. In contrast, although the trained eye of KC subject 2 was classified as advanced KC, his fellow (untrained) eye was mildly affected and hence had better native optical quality and visual performance. Thus, the lack of interocular transfer after training in KC subject 2 is most likely due to a ceiling achieved by near-optimal performance under AO correction, even before training.
Results
Finally, we sought to investigate if perceptual learning with AO benefits the routine vision (i.e., with their habitual corrective RGP lens) in these subjects. In the case of advanced KC (i.e., subject 2), even with the best RGP prescription, visual performance could not be reliably measured under the same experimental conditions. Fig. 4 shows visual performance of KC subject 1 (moderate) with his prescription RGP pre and post-training. Overall, VA with prescription RGP improved by 1 line in both the trained and fellow eyes (p < 0.02). In addition, contrast sensitivity showed an improvement at all SFs, although was statistically significant in the trained eye at 4 and 12 c/deg (p < 0.05 for both) while marginal at 8 c/deg. (p = 0.06). In the fellow eye, only the highest SF (16 c/deg) tested showed an improvement, though it was not statistically significant (p = 0.06) Fig. 1 . Timecourse of improvement in contrast sensitivity at the trained spatial frequency for S1 and S2 respectively. The best linear regression is shown for both cases, in addition to its equation, the coefficient of regression and p-values. Note that there is a steady increase in sensitivity and that the trend did not saturate. The slope of improvement for the advanced KC subject was higher than for the moderate KC. Fig. 2 . Improvement in contrast sensitivity with perceptual learning under AO correction. The CSFs for S1 and S2 are shown pre and post training in (A). For comparison, the CSF obtained in 4 normal controls with AO correction is also shown. An improvement in CS is evident in both subjects, although the overall performance remains poorer than normal controls. The CS post and pre-training are plotted in (B). Data points lying above the equality line denote improved performance. SFs increase in the direction of the origin. The error bars represent ± 1 standard deviation. Fig. 3 . Transfer of learning-induced performance improvement to a VA task and to the fellow eye. The CS for the fellow eye of S1 and S2 are shown pre and post-training in (A). The fellow eye of S1 demonstrates an improvement in CS unlike in S2. VA for both the trained and fellow eyes of S1 and S2 are shown in (B) pre and post-training. A transfer to VA task in the trained eye of both observers is demonstrated, while this benefit transfers to the fellow eye only in S1. The error bars represent ± 1 standard deviation.
Discussion
Here, we demonstrated improved visual processing in KC subjects following perceptual learning with improved optical quality conferred by AO. We characterized this visual improvement with regard to its timecourse, spatial bandwidth, transfer to the fellow eye and to a different visual task. The present study provides evidence of plasticity in the adult visual system following perceptual training, and further highlights the importance that AO can play in visual rehabilitation.
The role of AO in our study is key in delineating the recovery of neural function in KC eyes with perceptual learning, because it allowed bypassing optical limitations to access neural function directly. Perceptual learning paradigms have been undertaken with AO previously to train normal subjects on VA (Rossi & Roorda, 2010) and contrast sensitivity tasks (Zhou et al., 2012) . In the latter, the role of AO in training-induced improvement is clearly established in comparison to the subjects' routine optical correction, even though the study population consisted only of normal levels of optical aberration. Specifically, the optical quality of the retinal image in normal healthy adults was shown to limit the benefit resulting from visual training in both contrast sensitivity and VA. However, KC represents a condition where optical aberrations are 5-6 times worse compared to normal levels (Pantanelli, MacRae, Jeong, & Yoon, 2007) . This severe and prolonged exposure to optically degraded visual input significantly alters neural functions in KC subjects (Sabesan & Yoon, 2009) . Under habitual visual exposure, high-SFs are strongly attenuated by optical aberrations and thus do not stimulate the visual system sufficiently. In the present study, to most efficiently stimulate the visual system, we chose to perform the perceptual learning paradigm under AO correction where the impact of all optical aberrations is alleviated to the same degree and high-SF information stands to be efficiently processed by the visual system. This approach enabled us to draw a comparison between normal contrast sensitivity functions under similar AO corrections, as well as between subjects with varying degrees of KC severity. Overall, perceptual learning undertaken with AO facilitated an investigation into the presence and limits of neural plasticity in these adults who have undergone prolonged abnormal visual experience, without extraneous factors. Alternatively, the same perceptual learning paradigm could have been undertaken with wavefront-guided corrections. However, the changes in visual function in such a paradigm would be confounded between those observed from passive routine viewing in natural vision versus those observed with active perceptual learning alone. Furthermore, though wavefront guided corrections can provide normal optical quality and improve vision substantially, they are still inferior to the diffraction-limited optical quality provided by AO and the degree of optical improvement may vary between subjects, which may complicate interpretation.
The visual system in KC can be considered as an optical analogy of amblyopia. However, the neural abnormality arises typically in the second decade of life from long-term visual experience with aberrated retinal image quality, unlike the developmental neural disorder in amblyopia. Several perceptual learning studies have shown improved visual performance in adult amblyopes, suggesting the presence of sufficient plasticity for neural rehabilitation (Astle, Webb, & McGraw, 2011; Levi & Li, 2009 ). Specifically, improved visual function in amblyopes has been shown after training on a variety of visual tasks, such as contrast sensitivity (Polat, Fig. 4 . Learning-induced performance improvement with habitual RGP correction in Subject 1. The CS with RGP lens, pre and post-training, in trained and fellow eye is shown in (A). For the trained eye, an improvement in sensitivity is observed, although it is significant only for 4 and 12 c/deg. For the fellow eye, an improvement is observed at the highest SF tested, i.e. 16 c/deg, though it was not statistically significant. RGP lens VA pre-and post training is shown in the trained and fellow eye in (B) and these improvements are observed to be significant. The error bars represent ± 1 standard deviation. Ma-Naim, Belkin, & Sagi, 2004; Zhou et al., 2006) or Vernier acuity Levi, Polat, & Hu, 1997) . In our study, we observed a broad bandwidth of learning, like anisometric amblyopic observers and unlike normal controls (Huang, Zhou, & Lu, 2008) . The latter generally exhibit strong degree of specificity in learning. We also find generalization of learning to an untrained VA task and to the fellow eye. Such generalization is again reminiscent of learning in amblyopia for which training effects can transfer to untrained tasks such as VA (Polat et al., 2004; Zhou et al., 2006) or stereoacuity (Li & Levi, 2004) . These results suggest the presence of a sufficient degree of neural plasticity for efficient visual recovery following perceptual training in both amblyopes and KC adults. Importantly, in our study, such training-induced visual benefits would not have been achievable without AO, given the underlying optical aberrations and predominance of low-SF visual information normally found in KC.
While we noted a partial transfer of learning to the untrained fellow eye, this transfer was not evident in one of the two subjects. A number of plausible explanations exist for this interesting observation. This may be considered similar to normal controls whose magnitude of improvement in the trained eye and its interocular transfer were limited (Huang et al., 2008) . Alternatively, the number of training sessions undertaken and amount of learning may influence the magnitude of interocular transfer. We trained our KC subjects for only 5 sessions and did not observe an asymptotic plateau in any of the cases. Another possible explanation is insufficient stimulation of their high SF channels. Although 20 c/deg is close to the cutoff SF of the worse eye, the fellow eye already had significantly better CS at this SF and higher SFs. Therefore, the room for improvement was small for the fellow eye. In fact, the CS at 20 c/deg for the fellow eye with AO was similar to normal controls. Taken together, the value of testing binocular vision preand post-training or attempting to target binocular visual function via a similar training paradigm can be appreciated (Ding & Levi, 2011) . This is especially relevant for KC, which is shown to have substantial between-eye asymmetry (Zadnik & et al., 2002) , resulting in anomalies of binocular function (Sherafat, White, Pullum, Adams, & Sloper, 2001) . A measure of stereo-acuity, for instance, will help elucidate if binocular integration is improved after such a training paradigm, despite the transfer of learning not being measurable under monocular viewing.
The mechanisms by which the visual improvement is achieved in KC eyes remain unclear and demand a further understanding of the nature of neural deficits underlying the KC visual system. Longterm exposure to optically aberrated inputs strongly alters neural visual function in KC subjects, resulting in poorer visual acuity under AO-correction (Sabesan & Yoon, 2009 ). However, the underlying neural mechanisms by which the severe and prolonged optical degradation of high-SF information impairs visual processing in KC subjects are still unknown. The perceptual template model put forth by Dosher and Lu (1999) ; (for review see Lu and Dosher (2008) ) is a powerful approach that has been successfully used to characterize the perceptual learning mechanisms in terms of changes in internal and external noise processing. Further investigations may use similar approaches to first characterize the neural factors limiting visual processing in KC subjects, and then assess the mechanisms by which perceptual training under AOcorrected optical quality improves neural function. Furthermore, it is important to evaluate the stages in the visual cascade at which these learning effects occur. Contrast sensitivity and VA are likely to involve low level visual areas such as the primary visual cortex. It might be equally important to target higher level aspects of visual function with similar training protocols. Higher level tasks such as face and form recognition may even be more likely to elicit improvement and generalization to a range of untrained visual functions following perceptual learning (Fine & Jacobs, 2002) .
Another important aspect of our study is that despite showing considerable visual improvement following training, KC subjects did not reach normal performance level after training. This finding may simply relate to the limited number of training sessions performed in our study, and to the fact that improved optical quality was only achieved during the training session under AO-correction and not in their daily habitual vision. Nevertheless, the visual improvement obtained with our AO learning protocol, despite being limited, was not specific to our training conditions. Rather, it led to robust visual benefit under their habitual optical correction. This is very encouraging with regard to the development of combined optical correction and perceptual training rehabilitation protocols. One might expect even greater visual improvement after training over a longer period of time with advanced optical corrections outside the AO vision simulator. We have separately embarked on a study on a long-term follow-up in visual performance of KC subjects with advanced optical corrections. This would allow the assessment of the scope and limits of visual learning effects in KC's altered neural systems, as well as evaluate the individual and joints effects of the passive exposure to improved optical quality and of active perceptual training regimes. Perhaps a hybrid approach which combines passive routine viewing with wavefront guided corrections with short bursts of AO-perceptual learning may be the most effective.
Overall, our results suggest the presence of training-induced plasticity in the KC visual system, which can be taken advantage of to accelerate the benefits resulting from a custom wavefrontguided correction (Sabesan et al., 2007 . The passive benefit gained with a routine RGP lens correction is further suggestive of exactly this idea. Two important questions remain in the current study. First, we did not measure the longevity of the traininginduced performance improvement here. However, several previous studies have demonstrated that such training-induced improvements are generally long-lasting, at least in amblyopia (Levi et al., 1997; Li & Levi, 2004; Polat et al., 2004) . Future studies should assess the longevity of the training-induced benefits we observed in KC subjects, which would require undertaking a longer training paradigm and a longer-term follow-up post-training on a subject-by-subject basis. Second, although we noted an improvement under the subjects' habitual corrections in low-level visual tasks, it remains to be seen whether similar performance improvements are noted in real-life tasks as well. Moving forward, an interesting question to address will be if targeted perceptual learning with improved optics, in addition to habitual exposure to it, can enhance the speed, efficiency and generality of neural function recovery in patients with altered neural processing due to abnormal visual experience.
